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Executive Summary

Maintenance management is a complicated business. Facility maintenance
budgets are continually scrutinized by fiscal managers in a constant effort to
trim dollars. Maintenance managers are under constant pressure to squeeze
every last bit of productivity out of every maintenance dollar.

This manual outlines a comprehensive method of organizing an efficient mainte-
nance program through applying the concepts of Reliability Centered Mainte-
nance (RCM). Combining professional intuition and a rigorous statistical ap-
proach, RCM recognizes that there are different maintenance strategies followed
for different facility equipment: run-to-failure, preventive maintenance, predic-
tive maintenance, and proactive maintenance. The RCM approach applies these
differing maintenance strategies in an optimal mix, to ensure that facility
equipment is being maintained sufficient to accomplish the facility mission with-
out wasting inordinate amounts of maintenance labor “baby sitting” facility
equipment.

This manual presents the RCM approach for maintenance supervisors, manag-
ers, and technicians to use as a guide in organizing and operating a tight, cost-
effective, “lean and mean” maintenance program in light of and in spite of the
continual cutbacks in maintenance budgets.
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Introduction

Background

Maintenance often takes a low priority in the overall operating strategy of a fa-
cility. Maintenance programs are managed and funded by people, and human
nature seems to abide the old tenet, “If it ain’t broke, don't fix it.” In facilities
management the definition of “broke” is extreme. “Broke” typically means that a
piece of equipment has catastrophically failed (e.g., resulting in a pollution fine),
or (at the very least) that it has failed to the point that it has become an annoy-
ing disturbance in the normal daily operation of a facility.

While few people will argue against the need for performing regular mainte-
nance, few fiscal managers will make the financial commitment to funding main-
tenance programs at a level that will keep a facility well maintained. Fiscal
managers usually assign maintenance programs a very low priority. Compared
to other facility departments, maintenance departments have no real “product”
and - as such - produce no real income. Many fiscal managers view money spent
on maintenance as money thrown down a black hole. In spite of any life-cycle
“proofs” to the contrary, fiscal managers look to cut maintenance budgets first
when any other fiscal need arises. Not until they see the bathroom floor flooded
with sewage or swelter in an office working at 85 °F for hours do they realize
that something is “broken” and may need repair.

Fiscal managers continually put maintenance budgets under the closest scrutiny
in an effort to reduce dollars spent on maintenance, while expecting facility per-
formance to remain on a constant par. This forces maintenance supervi-
sor/managers to trim essential (but less obvious) work from their daily agendas.
The most common area trimmed is preventive maintenance, i.e., those mainte-
nance activities performed on facility equipment before equipment failure. The
importance of preventive maintenance is less obvious to those people not inti-
mately familiar with facility equipment and operation. The consequences and
cost of not performing PM only become obvious when it is too late.

Preventive maintenance requires that maintenance personnel pay regular visits
to observe the condition of facility equipment. The most basic tasks on these PM
visits is to take a look at the equipment to see if there are any telltale signs of
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failure or imminent failure. Also, depending on the type of equipment, the main-
tenance mechanic may have a checklist of tasks he has to perform (e.g., draining
a little oil and visually checking for foreign matter or discoloration). In large fa-
cilities such as MAMC, the basic PM task of walking out to a piece of equipment
and giving it a quick look over requires a great deal of time. It also requires that
this time be invested by a trained mechanic; untrained personnel are likely to
miss telltale signs of failure. MAMC-FMD wanted to determine if there was any
means of automating this basic PM inspection activity. By doing so they (or any
other facility) could free up skilled labor for more other tasks, thereby squeezing
more out of every maintenance dollar.

Preventive maintenance is typically performed based on the calendar. Mainte-
nance personnel schedule visits to a particular piece of equipment based on cer-
tain time intervals having elapsed. While certainly better than no PM at all,
calendar-based PM may result in too much time being spent on a piece of equip-
ment. Each visit to a properly functioning piece of equipment takes time away
from other maintenance activities. Numerous visits to a piece of equipment with
“no news to report” can be regarded as wasted maintenance dollars. Calendar-
based PM, while much preferable to no PM, is not the optimal way to run a PM
program.

Typically, the next step up (from calendar-based PM) is performing PM based on
equipment run time. This method is thought to provide a better means of get-
ting a maintenance mechanic out to a piece of equipment just as it is beginning
to show signs of wear. Intuitively, performing PM based on equipment run time
makes sense. Equipment does not have to be checked repeatedly if it has not
been used. Generally speaking, it is the actual operation of the equipment that
wears it down, so it makes sense to check the equipment after it has run a suffi-
cient amount of time to incur some wear. (However, run time is not a proper cri-
terion for performing PM on all equipment. There are certain pieces of equip-
ment that require visual inspection when they have not been run).

Calendar-based PM assumes that failure probabilities can be determined statis-
tically for individual machines and components and parts can be replaced or ad-
justments can be performed in time to preclude failure. This is not always true.
A common practice has been to replace bearings after a certain number of oper-
ating hours, the assumption being that bearing failure rate increases with time
in service. Figure 1 shows that this assumption is not always true. This figure
shows the failure distribution of a group of 30 identical 6309 deep groove ball
bearings installed in bearing test machines that run the bearings to failure. The
wide variation in bearing life is evident; there is no strong correlation between
bearing operating hours and bearing life.
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Figure 1. Bearing life scatter.

An improvement on calendar-based PM (and the traditional next step up) is con-
dition monitoring (CM). Here the maintenance supervisor/manager defines some
critical parameters that reflect the condition of a piece of machinery (e.g., am-
perage draw, bearing temperature, shaft vibration). Acceptable limits are de-
fined for each of these parameters. Some sort of data acquisition devices are at-
tached to measure the critical parameters and the stream of real-time data are
compared to the limits. Once the limits are exceeded, an alarm is issued so that
a PM visit can be scheduled.

The original focus of the CERL research project was to integrate condition moni-
toring equipment with the computerized maintenance management system
(CMMS) at MAMC. The intent was to collect real-time data and feed it into the
MAMC CMMS. However, once MAMC and USACERL personnel took a hard
look at what data could/should be collected and transferred to the MAMC
CMMC, issues arose that were broader than the technical issues of data acquisi-
tion:

1. Hardware and software technology exists to collect, store, and analyze gigabytes
of data. But does it make sense to replace all other maintenance activities with
data collection? (No, not necessarily.)

2. Is the path of data intensive maintenance management always the best? (No,
data collection, storage, and analysis systems cost money to install, operate, and
maintain. They are not always the most effective maintenance technique.)

3. Is there a downside to taking “the man away from the machine,” replacing the
regular human visits with electronic CM? (Yes, the human technician may see
something wrong that is not monitored by the CM in place.)
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Given questions (and answers) such as the above, the process of replacing PM
with CM is a complicated one. Any decision to replace calendar-based PM with
CM generates several organizational/policy-related questions regarding a facil-
ity's maintenance program. Technical analysis of CM techniques quickly be-
comes overshadowed; workable solutions to the larger issues seem out of reach.

MAMC and CERL found a workable solution in the concept of Reliability Cen-
tered Maintenance (RCM) as developed by the National Aeronautics and Space
Administration (NASA). The RCM approach is a dynamic, ongoing effort, re-
quiring constant review today of the maintenance practices and policies put in
place yesterday. Its basic aim is to increase the reliability of machinery/systems
using a combination of four maintenance techniques: reactive maintenance, pre-
ventive maintenance, predictive maintenance, and proactive maintenance.

This manual is meant to serve as a guide to MEDCOM maintenance personnel
implementing an RCM program. As such, is not a formulaic cookbook that can
be followed mindlessly. A good RCM program requires that maintenance super-
visor/managers and staff be engaged in and constantly thinking about the value
of their present procedures. This manual will hopefully provide some basic di-
rection to the MEDCOM maintenance supervisors/in bringing experience to bear
on the specific facility entrusted to their care.

Objectives

The Facilities Management Division (FMD) at Madigan Army Medical Center
(MAMC) realizes the importance of constant and regular maintenance, and has
pursued and practiced an aggressive maintenance program since its inception.
Its maintenance program was planned and implemented as the facility was be-
ing built, and the maintenance program has been managed and documented
from the beginning using commercial computerized maintenance management
system (CMMS) software. Preventive maintenance is a keystone of the program
and accounts for about 60 percent of the maintenance dollars expended at
MAMC. The objective of this project was to help FMD determine if certain es-
sential, but rote, preventive maintenance efforts could be automated to free up
maintenance workers’ time.
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Approach

A literature search was done to uncover recent, relevant information in the area
of Reliability Centered Maintenance. A manual was prepared to serve as a guide
to MEDCOM maintenance personnel implementing an RCM program.

Scope

Although this work was done specifically at the request of MAMC, it is impor-
tant to note that RCM is a generally approach to equipment maintenance appli-
cable at many military, industrial, or commercial facilities. However, RCM is not
a formulaic “cookbook” methodology that can be followed mindlessly. A good
RCM program requires that maintenance supervisor/managers and staff be en-
gaged in and constantly thinking about the value of their procedures. This man-
ual is meant to provide some basic direction to maintenance supervisors in
bringing their experience to bear on the specific facilities entrusted to their care.

Units of Weight and Measure

U.S. standard units of measure are used throughout this report. A table of con-
version factors for Standard International (SI) units is provided below.

S| conversion factors

1lin. = 2.54cm
1ft = 0.305m
1vyd = 09144m
1sgin. =  6.452cm’
1sqft = 0.093m’
1sqyd =  0.836m
1 gal = 3.78L
11b = 0.453kg
loz = 28.35 kg
1 psi = 6.89 kPa
°F = (*Cx1.8)+32
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2 RCM Definition and Philosophy

Definition

Reliability Centered Maintenance can be defined as “an approach to mainte-
nance that combines reactive, preventive, predictive, and proactive maintenance
practices and strategies to maximize the life that a piece of equipment functions
in the required manner.” RCM does this at minimal cost. In effect, RCM strives
to create the optimal mix of an intuitive approach and a rigorous statistical ap-
proach to deciding how to maintain facility equipment.

The key to developing an effective RCM program lies in effectively combining the
intuitive and statistical approaches. Intuition and statistics each have strong
and weak points. Intuition is an effective tool when applied judiciously; however,
if applied without serious reflection and review, it results in arbitrary, “shoot-
from-the-hip” solutions to problems. A rigorous statistical approach has its lim-
its, too. The first limit of the statistical approach is cost. Developing and/or
analyzing an amount of data sufficient to provide a statistical basis is an expen-
sive task. One may also fall into the “analysis paralysis” pitfall; the more one
delves into a problem the more data it seems is required to solve it. The second
limit of the statistical approach is applicability. Statistics often do not tell the
whole story. Data does not always produce definite trends, since there may be
none.

RCM Analysis

RCM analysis carefully considers the following questions:

* What does the system or equipment do?

* What functional failures are likely to occur?

* What are the likely consequences of these functional failures?

* What can be done to prevent these functional failures?

To implement RCM, it is imperative that the maintenance supervisor/manager
and maintenance technician think about their facilities in terms of function.
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That means thinking about facility equipment in terms of systems, subsystems,
components, and subcomponents. This terminology is used throughout this
manual.

RCM Principles

The primary RCM principles are:

1.

RCM is Concerned with Maintaining System Functionality. RCM seeks to pre-
serve system or equipment function, not just to maintain a piece of machinery’s
operability for operability’s sake. It should be noted that a common strategy is to
maintain system function through equipment redundancy. Equipment redun-
dancy improves functional reliability but increases system life cycle cost (due to
the increased first cost of installing the redundant equipment). The increased life
cycle cost of installing redundant equipment often eliminates redundancy as the
RCM method of providing system reliability.

RCM is System Focused. It is more concerned with maintaining system function
than individual component function. The question asked continually is: “Can
this system still provide its primary function if a component fails? (In this exam-
ple, if the answer is “yes,” then the component is allowed to run to failure.)

RCM is Reliability Centered. RCM treats failure statistics in an actuarial man-
ner. The relationship between operating age and failures experienced is impor-
tant. RCM is not overly concerned with simple failure rate; it seeks to know the
conditional probability of failure at specific ages (the probability that failure will
occur in each piece of equipment).

RCM Recognizes Design Limitations. The objective of RCM is to maintain the in-
herent reliability of system function. A maintenance program can only maintain
the level of reliability inherent in the system design; no amount of maintenance
can overcome poor design. This makes it imperative that maintenance knowl-
edge be fed back to designers to improve the next design. RCM recognizes that
there is a difference between perceived design life (what the designer thinks the
life of the system is) and actual design life. RCM explores this through the Age
Exploration (AE) process (see Section 3.4.6).

RCM is Driven by Safety First, then Economics. Safety must be maintained at
any cost; it always comes first in any maintenance task. Hence, the cost of main-
taining safe working conditions is not calculated as a cost of RCM. Once safety
on the job is ensured, RCM assigns costs to all other activities.
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6. RCM Defines Failure as an Unsatisfactory Condition. (“Failure is not an option.”)
Here failure is defined as a loss of acceptable product/service quality level, or
failure is defined as a function not being maintained.

7. RCM Tasks Must Produce a Tangible Result. The tasks performed must be shown
to reduce the number of failures, or at least to reduce the damage due to failure.

8. RCM Recognizes Four Maintenance Categories and Uses a Logic Tree to Screen
Maintenance Tasks. This ensures consistency in determining how to perform
maintenance on all types of facility equipment. Each piece of equipment is as-
signed to one of four categories:

a. Run-to-Failure - Under an RCM program, run-to-failure is a conscious deci-
sion reached after analysis of what facility function(s) would be affected by
system failure versus the (life cycle) cost of preventing failure.

b. Calendar-Based Maintenance (PM) - This is the most basic approach. It
schedules tasks based on the time since that task was last performed. It is
the type of maintenance most often performed in Preventive Maintenance
programs.

c. Condition Monitoring (CM) - This maintenance is performed based on predic-
tive testing and inspection. Real-time data is gathered and analyzed as a
way to determine when a piece of equipment requires maintenance.

d. Proactive Maintenance - Efforts in this area of a maintenance program are
aimed at applying the lessons learned from past maintenance experience to
future situations. This includes writing better specifications, precision re-
build, failed part analysis, and root-cause failure analysis. Figure 2 shows
the logic tree used to determine what kind of maintenance should be applied
to each piece of facility equipment.

9. RCM is an Ongoing Process. This is one of the most important characteristics of
RCM. No maintenance procedures escape review. Maintenance personnel
gather data from the successes/failures achieved and feed this data back to im-
prove future maintenance procedures and design of new systems. This feedback
loop is an essential part of the RCM process. This includes: changing old equip-
ment specifications that have been proven inadequate or incorrect, rebuilding
worn/failed equipment to better resist failure, performing failed-part analysis,
and performing root-cause failure analysis.
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Figure 2. RCM logic tree.

Will failure of the facility or equip-
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Accept Risk of
Failure
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Install'Redundant
Units
Proactive Maint.

Define PM task
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Preventive Maint.

Define CM task
and schedule
Predictive Maint.

Source: NASA Facilities RCM Guide. pp 2-3.

The RCM Process

RCM grew out of the aircraft industry in the late 1960s and 1970s. Since many
aircraft equipment failures have disastrous consequences, the basic RCM process
developed was very formal and rigorous. The basic steps in developing a formal
RCM analysis are:
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1. Define the major systems and components. The user defines the systems. Where
systems are extremely complex and this complexity makes analysis difficult, the
user may opt to define subsystems as a means of organizing the problem into
manageable pieces.

2. For each system, define all “functions” of that system.

3. For each of those functions, define the possible “functional failures” that could oc-
cur (i.e., what could go wrong that would prevent the system function from occur-

ring).

4. For each functional failure, define all possible “failure modes” (i.e., each equip-
ment failure could be the cause of the functional failure).

5. For each failure mode, state whether it would be due to improper operation, im-
proper maintenance, or both.

Figure 3 presents a sample RCM analysis sheet (“RCM System Data Sheet”) that
would be generated in applying a rigorous RCM analysis to a chilled water sys-
tem supplying computer equipment. Figure 3 analyzes the system and the func-
tions it performs. It also lists the functional failures that could occur. Figure 4
presents one of the sample Failure Mode Sheets that would be produced de-
scribing how one of the components of the chilled water system could fail; it lists
the “failure modes” of the component. Note that Figure 4 is a breakout of one of
the 12 distinct failure modes listed in Figure 3. In a formal and complete RCM
analysis, 11 other Failure Mode Sheets such as Figure 4 would be produced.
Figures 5 and 6 present the root cause failure analyses of two sub-components of
the component analyzed in Figure 4 (motor = “component,” while stator = “sub-
component” of motor, and rotor = “sub-component” of motor in this example).
Figures 5 and 6 represent two of nine sheets detailing how/why sub-components
of the motor would fail.

Review of the sample RCM Information Sheet, the sample component failure
mode sheet, and the two sample Root Cause Failure sheets illustrates how ex-
tensive, time-consuming, and expensive a formal RCM process can become. Due
to the extensive up-front effort involved in producing a formal RCM analysis, it
is recommended that MEDCOM facilities only pursue this level of detail for
those systems where the consequences of failure are catastrophic.
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Building Chilled Water System
Maintenance (M)
Function Functional Failures  Hailure Modes or Operation (O)
Provide chilled Total loss of flow Motor Failure Both
water at speci- Pump Failure Both
fied flow rate Catastrophic Leak M
zﬂz tempera- Blocked Line M
Valve out of position Both
Insufficient flow Pump cavitation (0]
Drive problem M
Blocked line M
Valve out of position Both
Instrumentation M
Chilled water tem- Chiller fatigue Both
perature too high Low refrigerant M
Fouled heat exchanger M
Instrumentation problem | M
Cooling tower problem M
Valve out of position Both

Figure 3. Sample RCM system data sheet.

RCM Program Benefits

1. Reliability. The primary goal of RCM is to improve equipment reliability. This

improvement comes through constant reappraisal of the existing maintenance
program and improved communication between maintenance supervi-
sors/managers, maintenance mechanics, facility planners, building designers,
and equipment manufacturers. This improved communication creates a feed-
back loop from the maintenance mechanic in the field all the way to the equip-
ment manufacturers.

Cost. Due to the initial investment required to obtain the technological tools,
training, equipment condition baselines, a new RCM program typically results in
a short-term increase in maintenance costs (see Figure 7). The increase is rela-
tively short-lived. The cost of reactive maintenance decreases as failures are pre-
vented and preventive maintenance tasks are replaced by condition monitoring.
The net effect is a reduction of reactive maintenance and a reduction in total
maintenance costs. As a by-product, energy savings are often realized from the
use of the CM techniques that are part of any RCM program.
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Electric Motor # 123456
Function: To provide sufficient power to pump 300 gpm chilled water

Component Functional Failure Railure Mode Spurce of Failure

Insulation contamination

Insulation Failure Excessive current

Stator Motor will not turn Voltage spike

Open winding Phase imbalance

Excessive temperature

' Insulation contamination
Motor will not turn Burnt rotor .
Excessive current
Rotor

Excessive temperature

Wrong speed Excessive vibration Imbalance

Fatigue

Improper lubrication
Misalignment
Imbalance

Electrical pitting
Contamination

Bearings Motor will not turn Bearing seized

Excessive Thrust
Excessive temperature

) ) ) Mainline contact failure
Motor will not turn Bearing seized L
Control circuit failure

Motor Controller )
) Loss of electrical power
Wrong speed VFD malfunction . .

Cabling failure

Excessive current
Overloads/fuse Motor will not turn Device burned out Excessive torque
Poor connection

Fatigue
Shaft/coupling Pump will not turn Shaft/coupling sheared | Misalignment

Excessive torque

Figure 4. Sample failure mode sheet.

3. Scheduling. The ability of a condition monitoring program to forecast certain
maintenance activities provides time for planning, obtaining replacement parts,
making the necessary logistical arrangements (i.e., notifying occupants of equip-
ment downtime) before the maintenance is executed. CM reduces the unneces-
sary maintenance performed by a calendar-based preventive maintenance pro-
gram, which tends to err consistently on the “safe” side in determining time
intervals between maintenance tasks.

4. Equipment/Parts Replacement. A principal advantage of RCM is that it obtains
the maximum use from the equipment. With RCM, equipment replacement is
based on equipment condition, not on the calendar. This condition based ap-
proach to maintenance extends the life of the facility and its equipment.
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Root Cause of Failure Mode for Electric Motor Bearings
Failure Mode Mechanism Reason Root Cause
Bearing Seized o Seal Failure
. Contamination
(This includes seals, Cleanliness
shields, lubrication Oil Leak
system, and lock nut Lubrication Insufficient
Procedural
Excessive Procedural
Wrong Type Procedural
) Inherent
Metallurgical )
Excessive Temp.
_ Imbalance
Fatigue —
] Misalignment
Excessive Load -
Fit-up
Application
Installation Procedural
Contamination See lubrication
Surface Distress Storage Procedural
) Insulation
Electrical -
Welding

Figure 5. Failure mode sheet for bearings.

Root Cause Failure Mode for Electric Motors (Electrical)

Stator Insulation resistance
reading zero ohms

Oxidation

Age

Inherent

Environment

Chemical attack

Overheating

Excessive current

Power quality

Phase imbalance

Short on/off cycle

Low voltage

Overloaded

Contamination

Environment

Moisture

Improper lube
Process related

Fatigue

Excessive vibration

Lack of winding
support

Phase imbalance
Imbalance
Misalignment

Resonance

Figure 6. Failure mode sheet for stator.
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Figure 7. Maintenance cost trends under an RCM program.

5. Efficiency/Productivity. Safety is the primary concern of RCM. The second most
important concern is cost-effectiveness. Cost-effectiveness takes into considera-
tion the priority or mission criticality and then matches a level of cost appropri-
ate to that priority. The flexibility of the RCM approach to maintenance ensures
that the proper type of maintenance is performed when it is needed. Mainte-
nance that is not cost-effective is identified and not performed.

In summary, the multi-faceted RCM approach promotes the most efficient use of
resources. The equipment is maintained as required by its characteristics and
the consequences of its failures.

Impact of RCM on a Facility’s Life Cycle

RCM must be a consideration throughout the life cycle of a facility if it is to
achieve maximum effectiveness. The four recognized major phases of a facility’s
life cycle are:

* Planning
e Design
e Construction

e Operations and Maintenance.
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Figure 8 shows that planning (including conceptual design) fixes 2/3 (66.7 per-
cent) of a facility’s life cycle cost. The subsequent design phases fix about an-
other 30 percent of the life-cycle cost, leaving only about 4 percent fixable in the
later phases. Thus, the decision to institute RCM at a facility, including condi-
tion monitoring, will have a major impact on the life-cycle cost of that RCM pro-
gram. This decision is best made during the planning phase. As RCM decisions
are made later in the life cycle, it becomes more difficult to achieve the maxi-
mum possible benefit from the RCM program.

Murphy’'s Law being what it is, it is rare that a complete and well-planned RCM
program is instituted at the planning stage of a project. However, maintenance
personnel need not despair. Even though maintenance is a relatively small por-
tion of the overall life-cycle cost, a balanced RCM program is still capable of
achieving savings of 30 to 50 percent in a facility’s annual maintenance budget.
While these operations and maintenance (O&M) savings may not be the majority
of the facility’s life cycle cost, they are still a significant portion of the yearly op-
erating costs of a facility, and would be well appreciated by any fiscal manager
looking to cut operating costs.
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Figure 8. Stages of life cycle cost commitment.
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RCM Program Components

An RCM program implements reactive maintenance, preventive maintenance,
condition monitoring, and proactive maintenance in an optimal mix. It also
combines the intuitive approach with the statistical approach in determining
equipment condition.

Reactive Maintenance

Reactive maintenance is referred to by many different names: breakdown main-
tenance, repair, fix-when-fail, and run-to-failure (RTF) maintenance. When ap-
plying this maintenance strategy, a piece of equipment receives maintenance
(e.g., repair or replacement) only when the deterioration of the equipment’s con-
dition causes a functional failure. The strategy of reactive maintenance assumes
that failure is equally likely to occur in any part, component, or system. Thus,
this assumption precludes identifying a specific group of repair parts as being
more necessary or desirable than others.

The major downside of reactive maintenance is unexpected and unscheduled
equipment downtime. If a piece of equipment fails and repair parts are not
available, delays ensue while the parts are ordered and delivered. If these parts
are urgently required, a premium for expedited delivery must be paid. If the
failed part is no longer manufactured or stocked, more drastic and expensive ac-
tions are required to restore equipment function. Cannibalization of like equip-
ment or rapid prototyping technology may satisfy a temporary need but at sub-
stantial cost. Also, there is no ability to influence when failures occur because no
(or minimal) action is taken to control or prevent them. When this is the sole
type of maintenance practiced, both labor and materials are used inefficiently.
Labor resources are thrown at whatever breakdown is most pressing. In the
event that several breakdowns occur simultaneously, it is necessary to practice a
kind of maintenance triage in an attempt to bring all the breakdowns under con-
trol. Maintenance labor is used to “stabilize” (but not necessarily fix) the most
urgent repair situation, then it is moved on to the next most urgent situation,
etc. Replacement parts must be constantly stocked at high levels, since their use
cannot be anticipated. This incurs high carrying charges and is not an efficient
way to run a storeroom.
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A purely reactive maintenance program ignores the many opportunities to influ-
ence equipment survivability. However, it can be effective if used selectively and
performed as a conscious decision based on the results of an RCM analysis. This
RCM analysis compares the risk of failure with the cost of the maintenance re-
quired to mitigate that risk and cost of failure (again, refer to Figure 2, RCM
Logic Tree).

Examples of equipment that may be reactively maintained (run-to-failure) are:
non-critical electrical motors less than 7.5 HP, restroom exhaust fans, water
heaters serving bathrooms, lamps in areas where a few burned out lamps will
not pose any safety hazard or affect the use of the area (e.g., halls, cafeterias,
lounges).

Preventive Maintenance (PM)

PM consists of regularly scheduled inspection, adjustments, cleaning, lubrica-
tion, parts replacement, calibration, and repair of components and equipment.
PM is also referred to as time-driven or calendar-based maintenance. It is per-
formed without regard to equipment condition or (possibly) degree of use.

PM schedules periodic inspection and maintenance at pre-defined intervals (in-
tervals based on time, operating hours, or cycles) in an attempt to reduce equip-
ment failures for susceptible equipment. Depending on the intervals set, PM can
result in a significant increase in inspections and routine maintenance; however,
it should also reduce the seriousness and frequency of unplanned machine fail-
ures for components with defined, age-related wear patterns.

Traditional PM is keyed to failure rates and times between failures. It assumes
that these variables can be determined statistically, and that one can therefore
replace a part that is “due for failure” shortly before it fails. The availability of
statistical failure information tends to lead to fixed schedules for the overhaul of
equipment or the replacement of parts subject to wear. PM is based on the as-
sumption that the overhaul of machinery by disassembly and replacement of
parts restores the machine to a like-new condition with no harmful side effects.
In addition, this renewal task is based on the perception that new components
are less likely to fail than old components of the same design.

Failure rate or its reciprocal, Mean-Time-Between-Failure (MTBF), is often used
as a guide to establishing the interval at which the maintenance tasks should be
performed. The major weakness in using these measurements to establish task
periodicities is that failure rate data determines only the average failure rate.
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The reality is that failures are equally likely to occur at random times and with a
frequency unrelated to the average failure rate. Thus, selecting a specific time to
conduct periodic maintenance for a component with a random failure pattern is
difficult at best.

As stated in Section 2.4, RCM grew out of the aircraft industry in the late 1960s
and early1970s. This early RCM approach is documented in Reliability Centered
Maintenance (Nowlan and Heap 1978), which demonstrated that a strong corre-
lation between age and failure did not exist and that the basic premise of time-
based maintenance was false for the majority of equipment.

In summary, PM can be costly and ineffective when it is the sole type of mainte-
nance practiced.

Preventive Maintenance Criteria

Preventive maintenance criteria should reflect the age-reliability characteristics
of the equipment based on the equipment history. Equipment that has under-
gone PM should show a strong failure rate versus age correlation. There should
be definite data (or at least definite conclusive in-house experience) to bear out
that a piece of equipment will fail at a certain age.

However, whether a piece of equipment should receive PM is not necessarily a
function of that equipment’s mission criticality. In selecting equipment that
should receive PM, the maintenance supervisor/manager should use the process
shown in Figure 2. The selection process guides maintenance supervi-
sor/manager in selecting the maintenance strategy appropriate to each piece of
equipment.

Determining PM Task and Monitoring Periodicity

This section offers suggestions for selecting equipment monitoring periodicities,
i.e., determining the time intervals between PM visits.

Although many ways have been proposed for determining the correct frequency
of preventive maintenance tasks, none are valid unless the in-service age-
reliability (i.e., failure rate versus age) characteristics of the system or are
known. This information is not normally available and must always be collected
for new systems and equipment. Condition monitoring techniques (e.g., taking
real-time data to determine the “health” of a piece of machinery) can be used to
help determine equipment condition vs. age.
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Careful analysis of similar kinds of hardware in industry has shown that, over-
all, more than 90 percent of the hardware analyzed showed no adverse age-
reliability relationship. This does not mean that individual parts do not wear;
they do. It means that the ages at failure are distributed in such a way that
there is no value in imposing a preventive maintenance task. In fact, in a some
cases, imposing an arbitrary preventive task increases the average failure rate
because some PM tasks are actually detrimental to machines (e.g., machine dis-
assembly, overgreasing). Of course, one would hope that detrimental tasks are
never intentionally assigned, but overzealous PM technicians have sometimes
done this.

The Mean Time Between Failures (MTBF) is often used as the initial basis for
determining PM interval. This approach is incorrect in that it does not provide
any information about the effect of increasing age on reliability. It provides only
the average age (for a group of components) at which failure occurs, not the most
likely age (for a specific component). In many cases a Weibull distribution, as
used by the bearing industry to specify bearing life, will provide more accurate
information on the distribution of failures.

If good information on the effect of age on reliability is lacking, the best thing
that can be done is to monitor the equipment condition (“condition monitoring™).
This is explained in the next section.

The goals of a PM visit to a piece of equipment are: (1) to determine equipment
condition, and (2) to develop a trend to forecast future equipment condition. The
following techniques are recommended for setting initial periodicity:

1. Anticipating Failure from Experience. For some equipment, failure history and
personal experience provides an intuitive feel for when to expect equipment fail-
ure. In these cases, failure is time related. Set monitoring so that there are at
least three monitoring PM visits before the anticipated onset of failures. These
three visits will give the maintenance technician enough of a “look” at the piece of
equipment to become familiar with it. In most cases it is prudent to shorten the
monitoring interval as the wear-out age is approached:

2. Failure Distribution Statistics. In using statistics to determine the basis for se-
lecting periodicities, the distribution and probability of failure should be known.
Weibull distributions can provide information on the probability of an equipment
exceeding some life. For example, bearings are normally specified by their B 10
life; i.e., the number of revolutions that will be exceeded by 90 percent of the
bearings. Depending on the criticality of the equipment, an initial periodicity is
recommended that allows a minimum of three monitoring samples prior to the
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B10 life or, in less severe cases, prior to the MTBF point. In more critical cases, a
B2 life can be calculated and the monitoring interval can be adjusted accordingly.

3. Lack of Information or “Conservative Approach.” The most common practice in
the industry is to monitor the equipment biweekly or monthly due to lack of in-
formation and poor monitoring techniques. This often results in excessive moni-
toring. In these cases, significant increases in the monitoring interval may be
made without adverse impacting equipment reliability.

When indications of impending failure become apparent through trending or
other predictive analysis methods, the monitoring interval should be reduced
and additional analysis should be done to gain more detailed information on the
condition of the equipment.

Condition Monitoring (CM)

Condition monitoring, also known as predictive maintenance, uses primarily
nonintrusive testing techniques, visual inspection, and performance data to as-
sess machinery condition. It replaces arbitrarily timed maintenance tasks with
maintenance scheduled only when warranted by equipment condition. Continu-
ing analysis of equipment condition monitoring data allows planning and sched-
uling of maintenance or repairs in advance of catastrophic and functional failure.

The CM data collected is used in one of the following ways to determine the con-
dition of the equipment and to identify the precursors of failure:

* Trend Analysis. Reviewing data to see if a machine is on an obvious and im-
mediate “downward slide” toward failure.

» Pattern Recognition. Looking at the data and realizing the causal relation-
ship between certain events and machine failure. For example, noticing that
after machine x is used in a certain production run, component a_fails due to
stresses unique to that run.

» Tests against Limits and Ranges. Setting alarm limits (based on professional
intuition) and seeing if they are exceeded.

» Statistical Process Analysis. If published failure data on a certain ma-
chine/component exists, comparing failure data collected on site with the
published data to verify/disprove that you can use that published data.
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For trending purposes, a minimum of three monitoring points before failure may
reasonably be expected are recommended. Three data points allow one to deter-
mine whether equipment condition depreciates linearly.

CM does not lend itself to all types of equipment or possible failure modes and
therefore should not be the sole type of maintenance practiced. Chapters 5-10
give information on specific CM technologies and instrumentation. For example,
to obtain the total picture of a chilled watered system, a CM effort would have to
collect the following data (one can see how extensive - and costly - this approach
could become):

1.

Flow Rates. Chiller water flow would be measured using precision, nonintrusive
flow detectors.

Temperature. Differential temperature would be measured to determine heat
transfer coefficients and to indicate possible tube fouling.

Pressure. Differential pressures across the pump would be measured to deter-
mine pump performance, and differential pressures across the chiller evaporator
and condenser sections should be measured to determine the condition of the
chiller tubes (i.e., whether they were fouling).

Electrical. Motor power consumption would be used to assess the condition of the
motor windings.

Ultrasonic Testing. Pipe wall thickness would be measured to determine erosion
and corrosion degradation.

Vibration. Vibration monitoring would be used to assess the condition of rotating
equipment (such as pumps and motors). Additionally, structural problems can be
identified through resonance and model testing.

Lubricant Analysis. Oil condition and wear particle analysis would be used to
identify problems with the lubricant, and to correlate those problems with vibra-
tion when wear particle concentrations exceed pre-established limits.

Fiber Optics. Fiber optic inspections would be used to determine component
wear, tube fouling, etc.

Thermography. Thermography scans check motor control centers and electrical
distribution junction boxes for high temperature conditions. High temperature is
indicative of loose connections, shorts, or failing conductor insulation. Piping in-
sulation should be checked for porosities. Here, high temperatures are indica-
tive of failed/failing areas in the pipe insulation.
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10. Eddy Current. Eddy current testing is used to determine and locate leaking
tubes.

11. Airborne Ultrasonics. Airborne ultrasonics indicate air leaking from control sys-
tem piping and compressors.

Proactive Maintenance

A proactive maintenance program is the capstone of RCM philosophy. It provides
a logical culmination to the other types of maintenance described above (reac-
tive, preventive, and predictive). Proactive maintenance improves maintenance
through better design, installation, maintenance procedures, workmanship, and
scheduling.

Proactive maintenance is characterized by the following attitudes:

e Maintaining a feedback loop from maintenance technicians to building archi-
tects, engineers, and designers, in an attempt to ensure that design mistakes
made in the past are not repeated in future designs.

* Viewing maintenance and supporting functions from a life-cycle perspective.
This perspective will often show that cutting maintenance activities to save
money in the short term often costs more money in the long term.

» Constantly re-evaluating established maintenance procedures in an effort to
improve them and ensure that they are being applied in the proper mix.

Proactive maintenance uses the following basic techniques to extend machinery
life:

e proper installation and precision rebuild
» failed-parts analysis

e root-cause failure analysis

« reliability engineering

* rebuild certification/verification

» age exploration

e recurrence control.

These proactive maintenance strategies are explained in the following sections.
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Specifications for New/Rebuilt Equipment

Equipment requires proper installation to control life cycle costs and manmade
reliability. Poor installation often results in problems routinely faced by both
maintenance personnel and operators. Rotor balance and alignment, two com-
mon rework items, are often poorly performed or neglected during initial instal-
lation. Adopting and enforcing of precision standards can more than double the
life of a machine. For example, the contract specification for leveling equipment
being installed should include a maximum acceptable slope of the base and the
frame; e.g., a maximum slope of 0.001 in./ft. The specification also should include
the type and accuracy of the instrument used for measuring the slope; e.g., a 12-
in. machinist's level graduated to 0.0002 in./ft. After the criteria have been in-
cluded in the contract specifications, the installation should be checked to ensure
that the mechanic has complied with the specification.

Equipment is often procured using inadequate specifications. EXxisting stan-
dards, often 25 to 30 years old, do not reflect current changes in building tech-
nology, but usually address only general or minimal performance criteria. Addi-
tionally, the life cycle costs and failure histories of families of equipment are
rarely documented for purchasing and contract personnel who (by regulation)
must procure conforming products solely based on initial least cost.

To solve this problem, design engineers must write proper specifications, re-
search (and test if possible) the equipment of different vendors, and document
problems. These specifications should include, as a minimum, vibration, align-
ment, and balancing criteria. If these criteria are included in the plans and
specifications for new construction or major building renovations, they become
part of the contractual documents that the contractor must fulfill. This gives the
building owner some solid recourse to make the contractor prove that the equip-
ment in the building is operating properly and not just that it is operating. At
the turnover of the facility to the owner/tenant, if the contractor does not fulfill
the requirements listed in these vibration, alignment, and balancing criteria
listed in the specifications, then the owner can refuse acceptance of the building
until the contractor does so. For example, rotating equipment has some sort of
shaft(s) and bearings. Vibration analysis can determine if the shafts are aligned
and if the bearings have been damaged in shipment or installation. Finding
alignment and bearing problems before turnover is preferable to the more usual
scenario, in which a certain number of bearings fail after turnover 0 well before
any normal wear or operation would have caused them to fail.

Local companies that specialize in vibration measurement (and work with vibra-
tion daily) and shaft alignment should be consulted to assist in writing the sec-
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tions of the contract specifications that deal with vibration/alignment. That way,
the designer can be sure that all pertinent vibration/alignment criteria are in-
cluded.

Performance testing is another proactive maintenance strategy that must be
conducted. Performance testing can occur in several places: (1) in the factory
prior to shipment, (2) after the equipment is installed and immediately prior to
acceptance, and (3) at the beginning of the daily operation of the equipment, to
establish a performance baseline as the equipment begins operation.

Balance

Bearings are the machine components that support and transfer the forces from
the rotating element to the machine frame. The fact that only 10 to 20 percent of
rolling element bearings achieve their design life results in the perception that
bearings inherently pose a reliability problem. One of the leading causes of pre-
mature rolling element/bearing failure is parasitic load due to excessive forces
imposed by imbalance and misalignment. Parasitic loads result in increased dy-
namic loads on the bearings. The design formulas (SKF, 1973) used to calculate
theoretical rolling element/bearing life are:

a. for ball Bearings:
L,, Life Hours =(16,667/RPM) x (C/P) *

b. for roller Bearings:
L,, Life Hours = (16,667/RPM) x (C/P) *°

Where:

L,,= the number of hours 90 percent of a group of bearings should attain or
exceeded under a constant load (P) prior to fatigue failure

C = the bearing load that will result in a life of 1 million revolutions
P = the actual bearing load, static and dynamic.
As shown, bearing life is inversely proportional to speed and more significantly,

inversely proportional to the third power of load for ball and to the 10/9 power
for roller bearings.
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Balance Calculations

Precision balance of motor rotors, pump impellers, and fans is one of the most
critical and cost effective techniques for achieving increased bearing life and re-
sultant equipment reliability. It is not usually sufficient to perform a single
plane balance of a rotor to a level of 0.10 in/sec, nor is it sufficient to balance a
rotor until it achieves seemingly low vibration levels. When analyzing a piece of
rotating equipment, the vibration technician should take readings in the vertical
and horizontal planes, and at all bearing points. He should also take axial
readings. Precision balance methods should also include the calculation of re-
sidual imbalance.” Residual imbalance calculates the imbalance “left in” the
piece of equipment once the balancing procedure has been executed. Nothing is
perfect. A piece of rotating equipment will never be balanced so that all of the
mass is distributed evenly around the axis of rotation. As the piece of equipment
rotates the additional force imposed by this “extra” piece of mass will be “slung”
around the axis.

The following equation can be used to calculate residual imbalance:

UEEXM Eqg.1
Ve

Where:
U = amount of residual imbalance
Vr = actual imbalance
Ve = trial mass imbalance
M = trial mass.

This equation can be expressed as:
(Trial Weight) (Trial Weight Radius) (Amplitude After Balance)

Residual Imbalance = 5 -
Trial Weight Effect

*Note: The following equations and discussion of permissible imbalance is based on ISO 1940/1, Mechanical Vi-
bration-Balance Quality Required of Rigid Motors (1986).
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Permissible imbalance is related to equipment type and rotor mass. In general,
the greater the rotor mass, the greater the permissible imbalance.

Effect of Imbalance

As discussed earlier, imbalance forces make a major contribution to decreased
bearing life. For example, consider a rotor turning at 3600 RPM with 1 oz. of un-
balance on a 12-in. radius.

Calculating the amount of centrifugal force due to imbalance:

2
F = mA=mrw? = mr(2r 1)° _ 0.102mrf?

g

Where:

F = Force

m = imbalance (Ib)

A = acceleration (in.’/sec)

r = radius of imbalance (in.)

w = rotational velocity (radians/sec)

f = rotational frequency (Hz)

g = 386.4in./sec.

Substituting 1 oz. (1/16 Ib.), 12 in., 3600 RPM (60 Hz) yields:
F=0.102x(1/16)x (12)x (60F = 275 Ib

Thus, 1 oz. of imbalance on a 12-in. radius at 3600 RPM creates an effective cen-
trifugal force of 275 Ib. Now calculate the effect of this weight on bearing life.
Suppose that the bearings were designed to support a 1000-Ib. rotor. The calcu-
lated bearing life is less than 50 percent of the design life:

Actual Ly, Life = (DesignLife)x [10001000+ 275
=0.48 DesignL,, Life

Alignment

The forces of vibration from misalignment also cause gradual deterioration of
seals, couplings, drive windings, and other rotating elements with close toler-
ances. Maintenance technicians should use precision equipment and alignment
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methods, (e.g., reverse dial or laser alignment system) to bring alignment toler-
ances within precision standards. Contrary to popular belief, both laser align-
ment and reverse dial indicator equipment offer equal levels of precision; how-
ever, laser alignment is considerably easier to learn and much easier to execute
in the field.

In addition to the alignment specifications, Table 1 contains the additional toler-
ance recommendations.

Alignment Effects

Based on data from a petrochemical industry survey, precision alignment prac-
tices achieve:

e average bearing life increases by a factor of 8.0
e maintenance costs decrease by 7 percent

e machinery availability increases by 12 percent.

Table 1. Recommended coupled alignment tolerances (General Motors, 1993).

Tolerance
Maximum Speed Horizontal & Vertical Angularity (Inch/10
Coupling Type (RPM) Parallel Offset (IN). inch of Coupling Dia.)
Short Coupling 600 0.005 0.010
900 0.0053 0.007
1200 0.0025 0.005
1800 0.002 0.003
3600 0.001 0.002
7200 0.0005 0.001
Coupling with 600 0.005 N/A
Spacer (Meas- 900 0.0018 N/A
i“nrf:;”;; feerr 1200 0.0012 N/A
length) 1800 0.0009 N/A
3600 0.0006 N/A
7200 0.00015 N/A
Source: NASA RCM Guide, page 3-14.
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Figure 9 presents the effect of misalignment on bearing life of a cylindrical roller
bearing and shows the drastic decrease in component life caused by a few min-
utes (i.e., micro-degrees) misalignment.

Misalignment can also cause a significant increase in the cost of energy con-
sumption. Consider the case below. After re-alignment, the current draw of 460V
motor decreased from 25 to 23 Amp. Assume the motor has a power factor of
0.90, given in the relation:
(3)*(a AV x PF)

1000

AkW =

Where:
AkW = Change in power consumption, kilowatts
AA = Change in Amperage draw
V = Rated VWoltage

PF = Po